Introduction
Haptic interfaces provide users with force information while they are interacting with virtual objects, allowing them to perform manipulation tasks and cooperate. Multi-finger haptic interfaces benefit from the use of several fingers, thereby a large number of degrees of freedom are processed, to improve interaction with virtual environments and increase the sense of immersion. This chapter introduces a new two-finger haptic interface, known as MasterFinger-2. It improves haptic interaction; grasping objects can be easily reproduced by using this device. This interface is based on an open architecture which allows the control of each finger independently via Ethernet. In this sense, it also permits an easy development of cooperative tasks, where users interact directly with their fingers instead of using a tool. MasterFinger-2 is based on a modular design in which each finger has its own mechanical structure and electronic controller. A finger is inserted into a thimble with 6 degrees of freedom, any position and orientation can be consequently achieved by each finger. Forces are reflected in any direction since there are three actuators per finger.
Overview of Haptic Devices
Haptic interfaces are devices which show tactile and force information to a user interacting with a real or virtual object (Tan, 1994) . They allow the user to touch the objects and feel their mechanical properties, e.g. texture, hardness, shape etc. They can be also used to remotely manipulate objects, i.e. teleoperation. The term "haptic interface" is frequently used to describe two types of interfaces, tactile devices and kinesthetic devices (Sciavicco & Siciliano, 2000) , they differ in the kind of information exchanged with the user and the hardware used to build them. Tactile devices provide only tactile information to users, and none regarding kinesthetics. Kinesthetic devices usually provide information of reflected forces, although they can also provide tactile information. Tactile information comes from the contact between the user finger and the device. Forces are produced by the device and are high enough to resist user's hand and arm movements. Kinesthetic devices are usually based on electric DC motors or other actuators exerting forces on users. On the other hand, tactile devices are based on pins, vibratory elements or air injected to stimulate skin. The contact interface between user and device in kinesthetic devices can adopt multiple configurations. It can be a joystick grasped by two fingers or it can provide more precise information by stimulating several fingers, e.g. exosqueletons. Tactile devices apply generally stimuli to the fingertips through matrices of pins, executed by piezoelectric crystals, servomotors, solenoids or pneumatic systems. 
Tactile Devices

MasterFinger Design
MasterFinger is a modular haptic interface where each finger is independently managed. All modules share mechanical structure and controller. Therefore, it is easy to scale the system from one to three fingers, or more. Next section shows the mechanical design of MasterFinger modules and describes the versions for two and three fingers.
Design of Masterfinger Module
Each finger is considered as an independent module with its own mechanical structure, controller and communications. Mechanical module design is based on a serial-parallel structure (Tsai, 1999) which confers it a wide workspace with a very low inertia.
Fig. 1. Design of MasterFinger Modules
This configuration allows a comfortable manipulation since actuator inertia is mainly supported by the base. A module is made up of a six-degree of freedom mechanism and 3 actuators, as shown in Fig. 1 . The second and third actuators are linked to a five-barstructure (Tsai, 1999) providing a wide workspace area. This structure is linked to a thimble by a gimble with three-rotational degrees of freedom. The first degree of freedom allows vertical hand movements − approximately corresponding to the deviation movement ulnaradius in the wrist − while the second and third degrees of freedom are mainly related to finger movements. Figure 2 shows the five-bar-mechanism based on a parallel structure, i.e. second and third degrees of freedom.
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φ and θ angles are provided by the encoders, and α and ψ can be calculated as: The Jacobian matrix allows formulating the differential model of joint velocities related to the end effector velocity, in Cartesian coordinates, and joint torques related to forces exerted at the end effector (Mark, 2006) . Jacobian matrix is obtained from the following expression: The thimble orientation is measured by three encoders placed in the corresponding gimble joints. Fig 3 shows further thimble and gimble details. The thimble can be oriented in any direction in order to guarantee free movements of the finger. The three rotational axis of the gimble intersect on the user's finger tip. This geometrical configuration avoids torque reflection, i.e. only forces are reflected to the user's finger. The thimble has been developed to completely enclose the operator finger. The thimble includes four Flexiforce sensors by Tekscan Inc. These sensors are used to estimate normal and tangential forces exerted by the user. Normal forces are obtained from the sensor placed at the thimble bottom in contact with the finger tip. Tangential forces (Burdea 1996) are estimated from three sensors placed on the thimble inferior and lateral faces, respectively. Figure 3 gives two views of the thimble with these sensors. All MasterFinger v1.0 components were initially built through a technique of rapid prototyping, stereo-lithography, using epoxy resin. The resin low weight allows an easy manipulation of the entire interface. However, the clearance from the material provokes problems regarding high precision. A second prototype has been built in aluminium aiming to obtain a better precision keeping low weight and inertia effects, which improves the user maniobrability. In order to obtain the reflected forces, three DC motors (Maxon RE 25, 10W) with a 225/16 reduction-planetary gear unit GP26 are used. These motors include also a 1000-pulse-per-revolution encoder providing motor orientation.
MasterFinger Architecture
MasterFinger-2 is made up of two modules, placed in such a way that the index and thumb fingers can handle it. It allows the user to interact with virtual environments in an easy and comfortable way for grasping tasks. Both modules are connected to the interface base with an additional joint to increase the workspace of this haptic interface. The first motor of both modules is on a horizontal plane; therefore, device inertia is significantly reduced. Figure 4 shows a general view of MasterFinger-2. 
(c).Aluminium prototype
It is advisable to notice that the module allows two different configurations, i.e. up-elbow and down-elbow, as shown in figure 4 (a) . A workspace analysis was made aiming to compare these two options. According to figure 5, the up-elbow configuration has a bigger workspace than the down-elbow configuration. For this reason we block a joint in the fivebar mechanism in order to avoid down-elbow configurations. This workspace represents the volume where finger tips can be located, close to a 300 mm diameter sphere, hand movements correspond therefore to a wider space. Fig. 5 . MasterFinger-2 workspace. The black area represents the workspace covered by the up-elbow configuration and the grey area the one by the down-elbow configuration. Additionally, technical features of MasterFinger-2 are described as follows. MF-2 weights approximately 2400 gr, so it can be easily transported to different locations. Each finger controller is provided with Ethernet access and each one uses a switch which works at 100 Mbits per second. UDP acts as the communication protocol; packets are transmitted at 200Hz between MasterFinger-2 and a computer that manages the environment simulation.
Prototype for a three-finger haptic interface
Some preliminary MasterFinger-3 designs have already been developed. They are currently under evaluation. MasterFinger-3 is a haptic interface for three fingers; thumb, index and either the middle or ring finger. This device will be made up of three modules which will be independently controlled. Figure 6 shows some designs developed so far around the MasterFinger-3 mechanical structure. The design shown in figure 6a represents a MasterFinger-2 extension where the third module is attached to the common base of the haptic interface. The main advantage of this design is given by its reduced weight. Figure 6b shows the second design. This mechanism has a wide workspace, as its first degree of freedom is provided by a pulley system moving the device base. It also has an additional degree of freedom between the index and middle finger, known as "abduction movement". Figure 6c shows the third design with the abduction movement between index and middle fingers too. It has a small wheel in the inferior part of the third module to better support the motor weight.
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MasterFinger-2 Applications
The Masterfinger-2 has been designed to provide precise grasping using the thumb and index fingers. MasterFinger-2 is very suitable for cooperative tasks where two or more users are manipulating a virtual object. A networked architecture has been developed for this kind of application. A computer is in charge of managing all scenario information. Haptic devices exchange continuously data with their controllers. A graphical display shows the object behaviour into the virtual environment. F i g u r e 7 a s h o w s a n e x a m p l e o f t h i s k i n d o f v i r t u a l manipulation. This scenario can be used either by a user who manipulates a virtual objetc with both hands, or by two users manipulating the same object. Figure 7b shows the communication scheme. Haptic interfaces are linked to a controller connected to an Ethernet switch. Information is sent to a server that computes kinematics, evaluates an algorithm to detect contacts in the virtual world and controls the entire device. Once the server has all necessary data, it sends the corresponding commands to the haptic interfaces. Graphical information is also updated by the simulations given by the user hand movements. Fig. 8 . Interaction between two users in the same physical and virtual environment Figure 8 shows a further example of cooperative manipulation. In this case, two users are grasping the same virtual object. The objective is to manipulate a thin bar using thumb and index fingers.
Conclusions
The development of the MasterFinger haptic interface has demonstrated the multifinger haptic interaction relevance in the manipulation of objects and in the execution of cooperative tasks. The modular design of MasterFinger architecture allows this interface to easily scale up from 1 finger to 3 fingers. The MasrterFinger-2 shows a good behaviour as a haptic interface thanks to its low weight and inertia effects upon the user. It allows developing high realistic applications where one or more users are performing cooperative tasks. Applications have proven the relevance of a multifinger device for properly grasping and manipulating virtual objects. It has required a distributed architecture to properly control the interaction in the virtual environment since many devices and processes, such as graphical displays, haptic devices and environment simulations are running at the same time. It represents a step forward for haptic applications since current environments are based on some devices linked to a stand alone computer. However, advanced developments
